We investigate the interfacial structure of PbZr 0.20 Ti 0.80 O 3 (PZT)/La 0.67 Sr 0.33 MnO 3 (LSMO)/ SrTiO 3 heterostructures by combining low-magnification transmission electron microscopy imaging and spectroscopy techniques with high-resolution spherical-aberration corrected scanning transmission electron microscopy imaging, geometrical phase analysis, and spectroscopy results. For certain thickness regimes, the interface between PZT and LSMO is found to have a significant density of planar defects at the interface. Both A-site cation (Pb) diffusivity and highly inhomogeneous local strains are observed at the boundaries of the defect areas. It is proposed that Pb is incorporated as PbO Ruddlesden-Popper planar fault within the LSMO. These results underline the importance of chemical fluctuations caused by long-range strain fields associated with defect cores.
I. INTRODUCTION
Ferroelectric-ferromagnetic perovskite oxide heterostructures have recently gained intense scientific interest due to potentially novel magnetoelectric functionalities. 1, 2 La 0.67 Sr 0.33 MnO 3 (LSMO) is one such popular ferromagnetic perovskite oxide electrode. It shows colossal magnetoresistance (CMR) around room temperature 3 and its lattice structure is an excellent match with most oxide substrates (e.g., SrTiO 3 ). Furthermore, the properties of LSMO can be tuned in a controlled fashion via epitaxial 4 or interfacial strain. 5 While significant attention has been given to the physical aspect of LSMO-ferroelectric interfaces, there is very little detail on the local chemistry at such interfaces. Interfacial phenomena such as chemical inhomogeneity, defects (dislocations and vacancies, etc.) and their associated long-range strain fields, as well as electronic disorder need to be investigated, as it is well established that these phenomena can significantly alter functional properties.
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Here we investigate a particular planar fault in (001) oriented PbZr 0.20 Ti 0.80 O 3 (PZT)/La 0.67 Sr 0.33 MnO 3 (LSMO)/ SrTiO 3 (STO) heterostructures that is found to occur at the interface between the ferroelectric thin film and bottom ferromagnetic electrode. We demonstrate, via transmission electron microscopy (TEM) and atomic-resolution aberrationcorrected scanning transmission electron microscopy (STEM) imaging and spectroscopy techniques, visual evidence for cation (Pb) diffusion in the planar faults present in the LSMO layer. Furthermore, geometric phase analysis (GPA) for the ferroelectric-electrode interface region (hereafter referred to simply as interface) reveals significant inhomogeneous local strains associated with the planar faults. STEM images in combination with the spectroscopy results and the GPA results allow us to postulate that the Pb is incorporated into the LSMO perovskite matrix as Ruddlesden-Popper planar faults. The results reported here are consistent with recent similar findings on misfit dislocations, where we showed that the local strain fields associated with the dislocation core are high enough to create cation diffusion into the core.
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II. EXPERIMENT
PZT/LSMO heterostructures were deposited on vicinal etched (001) oriented SrTiO 3 (STO) substrates via reflective high-energy electron diffraction (RHEED)-controlled pulsed laser deposition (PLD). The films were grown at 900 C, 100 mTorr O 2 with a laser fluence of 2 J cm À2 for LSMO and 700 C, 100 mTorr O 2 with a laser fluence of 1.6 J cm À2 for PZT. The heterostructure was then cooled at 5 C min
À1
under a 700 Torr O 2 atmosphere. Samples were grown by the technique described above to create a thickness series where both PZT and LSMO thicknesses were varied in order to investigate the effect of induced strain. It is instructive here to consider the lattice mismatch between the PZT and LSMO compositions studied. Using room temperature lattice parameter values of 0.396 and 0.387 for PZT and LSMO, respectively, the calculated mismatch is $À2.3%. The films vary from 25 nm (fully constrained) to 70 nm (fully relaxed). Table I describes the four samples investigated. High-resolution TEM and chemical analysis showed that the LSMO-STO interface is chemically sharp, with no structural defects presented. Hence, this work focuses on the PZT-LSMO interface.
TEM specimens were prepared by standard tripod polishing procedures. 12 The local chemistry at the interface was a)
Author to whom correspondence should be addressed. investigated using conventional TEM imaging combined with energy filtered TEM (EFTEM) analysis, performed in a JEOL 3000F FEGTEM operated at 300 kV. Energy dispersive x-ray spectroscopy (EDX) line scans were performed using a Philips CM200 FEGTEM operated at 200 kV. EFTEM analysis was performed using the conventional three-window method, which allows the selection of different predefined energy losses near a specific edge to generate elemental maps. 13 Both elemental maps and jump-ratio images were calculated. Jump-ratio images have the advantage that they display a higher signal-to-noise ratio and reduced elastic scattering contrast compared to the elemental maps. Thus, comparison of elemental maps with jump-ratio images makes it possible to discern chemical changes from elastic contrast effects. 13 Five sets of elemental maps were acquired for each sample using the three-window method, and these elemental maps were compared to their respective elemental jump-ratio images, which are shown in Fig. 3 . The EDX data sets were acquired as continuous data points using 256 points per line, a dwell time of 2000 ms and an acquisition time of $8 min per line. Eight line scans were acquired for each element on different regions across the interface. Images were acquired before and after each line scan and no significant drift could be seen. The background was then removed to reduce noise levels and provide a more accurate qualitative reading.
High-resolution studies, including Z-contrast imaging and EDX mapping (with a step size of 0.5 nm), 11 were performed using a double-corrected (C s ) FEI Titan 80-300 FEGTEM, operated at 300 kV, using a convergence semiangle of 15.1 mrad and annular detector inner and outer radii of 40 mrad and 250 mrad, respectively.
The geometrical phase analysis (GPA) procedures used here were originally devised to quantify displacement and strain fields from conventional high-resolution TEM images.
14 However, the recent improvements in resolution, signal-to-noise, and sensitivity brought about by the latest generation of aberration-corrected STEM instruments, 15 along with much improved environmental control in microscope rooms, 16 mean that strain mapping from Z-contrast images can now yield quantitative data. 17 Systematic contributions to image distortions arising from the scanning process can also be dealt with efficiently with dedicated algorithms, further improving the attainable precision of the strain maps. 18 The software used here to carry out the GPA on STEM images was developed by Hÿtch. 19 All images were deconvoluted using a maximum entropy algorithm prior to being subjected to the GPA, in order to minimize the noise levels. 20 The spatial resolution to which the GPA was carried out was intentionally kept very high: 0.75 nm.
III. RESULTS AND DISCUSSIONS
Conventional TEM imaging was employed to investigate the interfacial quality of the heterostructures. Figure 1 Asymmetric reciprocal space mapping (RSM) around the (103) peak was carried out in order to measure and confirm the in-plane lattice parameters (see the supplementary material for the full RSM). 21 For the thin samples, the room temperature LSMO and PZT in-plane lattice parameter was found to be 0.3905 nm. This confirms that the thin LSMO/ PZT heterostructure is pseudomorphically constrained to the underlying STO substrate. The out-of-plane lattice parameters obtained for LSMO and PZT were 0.386 and 0.427 nm, respectively, in close agreement with the normal h-2h scans. For the thicker samples, the LSMO was found to have an 
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out-of-plane lattice parameter of 0.387 nm and an in-plane lattice parameter of 0.386 nm (that is, close to bulk). The cand a-axis parameters for the PZT were found to be 0.419 nm and 0.394 nm, respectively. These results indicate that the thicker films are partially relaxed. EFTEM analysis was performed in order to investigate the B-site cation chemistry at the interface. . This overlap avoids having a good background subtraction for the Sr signal. Therefore Sr was studied using EDX line scans and atomic-resolution EDX maps.
EDX was performed in order to investigate Pb and/or Sr diffusion (these elements cannot be efficiently mapped using EFTEM). A signal overlap between the Ti-Ka and La-La signals does not allow obtaining an accurate investigation of the B-site interdiffusion. Therefore, both EDX and EFTEM need to be used in a complementary fashion in order to get a complete picture of the chemistry of this complex oxide interface. Sr and Pb elemental line scans were acquired across the interface for all four samples and are shown in In order to compare interface quality and reveal any structural features related to the observed Pb diffusion, Zcontrast images were acquired. Here we specifically compare and contrast the thin smooth PZT/LSMO 30-35 sample against the interface of the thicker PZT/LSMO 50-55 case. From this data set, it is clear that PZT/LSMO 50-55 shows more contrast variations than the PZT/LSMO 30-35 sample, as marked by the white arrows in Fig. 5(d) . This contrast variation in PZT/LSMO 50-55 primarily stems from planar faults that appear as lines running approximately normal to the interface inside the LSMO layer, marked by the horizontal white arrow in Fig. 5(b) . On the other hand, although the PZT/LSMO 30-35 sample shows some contrast variation in the LSMO layer, similar to the white lines in the PZT/LSMO 50-55 sample, high-resolution imaging reveals that the interface is atomically sharp (see the supplementary material for full details of Z-contrast images of the PZT/LSMO 30-35 sample). 21 This contrast variation in the thinner sample is attributed to the high residual misfit strain as discussed previously in Fig. 2 . 
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High-resolution Z-contrast imaging was then performed on the thicker sample to reveal the chemical and structural features of the planar faults. Figure 6 (a) is a (100) PZT/ LSMO 50-55 high-resolution Z-contrast image. It reveals that the contrast variation in the form of lines inside the LSMO layer originates from a [1/2] plane shift along (001) direction [marked by the white dotted lines in Fig. 6(a) ]. A closer investigation of these reveals that the planar fault terminates at a dislocation on each side, at the PZT-LSMO interface. This allows us to perform circuit mapping for each of the terminating dislocations in order to resolve the nature of these planar faults. Figure 6 (b) shows a filtered and magnified image of the planar fault marked as 1 in Fig.  6(a) , where the Burgers circuit for both dislocations is shown (red dotted lines). It is found that the displacement vectors are of the type h011i which, in this case are a=2 011 Â Ã and a=2 011 ½ (for the left-hand side and righthand side dislocation, respectively). Therefore, the neighboring structure suffers a displacement parallel to the interface and parallel to the fault plane (that is, perpendicular to the LSMO-PZT interface). This type of displacement is typically found in Ruddlesden-Popper (R-P) faults that are composed of n perovskite blocks separated and sheared by rock-salt structured layers. 22 Similar structures have been reported previously for strontium titanate systems, where R-P faults with displacement vectors of [1/2] [111] and [1/2] [101] were found. 23, 24 We show next that the R-P faults are formed due to significant mass transport of Pb, resulting in the formation of PbO planar faults; at the outset the distance to which the Pb has diffused appears excessively large. However we highlight our theoretical model sufficient to effect mass transport of Pb over distances of the order of few nm in order to relax the misfit strains at the perovskite ferroelectric-electrode interface. All the planar faults were observed to start at the PZT-LSMO interface, extending to nearly halfway inside the LSMO layer (9-10 nm), and continue toward the STO. Furthermore the Z-contrast images also consistently show an increase in intensity around the defective areas. This could arise from the presence of a heavier element (such as Pb) or high-strain levels associated with the defect core or even both. Thus, aberration-corrected nanoscale EDX maps were performed to confirm the local chemistry at the interface at atomic-scale, as well as to identify the source of Pb diffusion in the thick sample. Figure 7 shows the EDX data set for both samples. The white boxes in Figs. 7(a) and 7(b) show the 20 Â 30 nm 2 and 20 Â 15 nm 2 areas from where the EDX maps were acquired, respectively. For the PZT/LSMO 50-55 sample, the planar fault is marked as 1 in Fig. 6(a) . Figures  7(c) and 7(f) show the HAADF acquisition images, and Figs. 7(d), 7(e), 7(i), and 7(j) (for PZT/LSMO 30-35) and 7(g), 7(h), 7(k), and 7(l) (for PZT/LSMO 50-55) present x-ray elemental maps for Pb-Ma, Sr-Ka, Mn-Ka, and Zr-La, respectively. The thin sample clearly shows a chemically sharp interface, which is consistent with the lower magnification results obtained by EDX line scans and EFTEM maps. By contrast, the Pb-Ma map for the thicker sample shows two distinct and fine bright long vertical lines descending from the PZT layer toward the LSMO layer [ Fig. 7(g) ], suggesting that Pb is diffusing from the PZT layer into the LSMO by the formation of such planar faults. The lack of similar fine lines in the Zr maps [ Fig. 7(l) ] confirms that this is a real elemental variation as opposed to an absorption/fluorescence artifact. By contrast, the Sr-Ka map [ Fig. 7(h) ] shows little diffusion into the PZT layer. A similar process to the above was reported for PZT/SrRuO 3 heterostructures, 25 where Asite diffusion was found to be more dominant. The Mn-Ka and Zr-La maps [Figs. 7(k) and 7(l)] present a smooth interface, indicating no diffusion and hence confirming that the B-site is more stable for both layers. It should be mentioned that the Ti and La maps are not shown here since no useful information could be retrieved from them due to signal overlap. To investigate if the Pb diffusion shown in Fig. 7 is strictly confined to defected areas, and also to confirm the previous EDX line scans, a second set of EDX maps were acquired from a fault-free area. These maps found no significant diffusion at the fault-free interface (see the supplementary material). 21 Local lattice strain studies in the vicinity of the faults were achieved by applying GPA to the PZT/LSMO 50-55 high-resolution Z-contrast images. Figure 8 (a) displays a Zcontrast image for an interface containing one planar fault, a 90 domain wall can also be seen above it. This image was acquired on an area different from the one shown in Fig. 6 . Figures 8(b)-8(d) show the symmetric strain tensor components for Fig. 8(a) ; the interface is marked by the white dotted line. The components of the two-dimensional strain tensor e xx corresponding to strain along the horizontal axis x (parallel to the interface), e yy (y vertical axis: parallel to the planar fault) and e xy corresponding to the shear terms, are expressed as percentages relative to the PZT lattice and displayed with an intensity color scale. In this case, the PZT reference for the phase calculation was taken in a zone of the images far away from the interface, which was visibly undistorted. The precision of the resulting strain maps are given in Table II and correspond to the standard deviation of the measured strain in undistorted areas, far away from the interface.
The GPA reveals little contrast for the region away from the planar fault in the e xx [ Fig. 8(b) ], which confirms that the bulk of the lattice for PZT and LSMO is fully relaxed. This 
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is in agreement with the macroscopic XRD scans for the thicker sample. On the other hand it reveals that the strain rapidly increases as one moves toward the planar fault "wall" (position of the half unit cell shift), relaxes within its width ($ 5 unit cells), and increases again at the other wall, exhibiting a maximum value of 25%. In addition, some of the strain related to the 90 domain wall above the interface can be also observed. Conversely, the e yy tensor component [parallel to the planar fault shown in Fig. 8(c) ] reveals much lower contrast features, thus signifying that the strain is dominantly parallel to the interface. The e xy tensor component [shear component, Fig. 8(d)] shows similar values. This is thought to be simply a reflection of the fact that the lattice is being moved both parallel and perpendicular to the fault by half plane. Thus, the surroundings of the planar fault are strained in both directions, parallel to the interface and to the planar fault. The maximum value reached by the faults, for e yy and e xy , is 1.2%, which is slightly higher than the calculated misfit between PZT and LSMO ($0.857%). Since the theoretically estimated misfit strain is much lower that the strain values shown in the GPA results, we propose that the higher strain originates from the presence of an extrinsic source, namely Pb. A number of other defect areas were studied and it was found that the defects vary noticeably in width and spacing, but show similar high strain levels at the walls. This indicates that the defects are an inhomogeneous strain relaxation mechanism for this system and, furthermore, have extremely high localized strain fields. Figures  6(b) , 7, and 8 in combination with the above strain analysis thus confirm that these planar defects are not simple stacking faults inside the LSMO. Therefore, it is proposed that the corresponding phase to fulfill the observed strain and displacement is PbO, where the excess PbO sheets are separating the planar faults forming Ruddlesden-Popper planar faults.
The combination of results obtained by Z-contrast imaging (atomic structure), EDX (Pb diffusion), and GPA (high strain levels), allows us to propose a structure for the planar faults observed as shown in Fig. 9 . The Pb-O-Pb bond length 
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(0.457 nm) is similar to the c-axis of the PZT (Ref. 26) and it is larger that than of LSMO, which may help to minimize interfacial strain. The calculated mismatch between LSMO and PbO is $19% along the in-plane direction, which is in agreement with our GPA results shown in Fig. 8(b) (in the case of e xx ). This allows us to explain the extremely high local strain shown by the GPA maps along the e xx direction (large mismatch between LSMO and PbO), but much lower strain contrast along the e yy direction (close match between Pb-O-Pb and PZT), which is parallel to the planar fault.
IV. CONCLUSIONS
A series of thickness-dependent PZT/LSMO heterostructures were investigated to understand the chemistry of defects at a ferroelectric-ferromagnet interface. XRD analysis confirmed that the thin samples were pseudomorphic while the thicker samples are partially relaxed. Low-magnification chemical analysis indicated no elemental diffusion for the thin samples while the thicker samples showed only Pb diffusion into the LSMO layer. For the thicker sample, highresolution studies revealed the presence of planar defects in the LSMO layer at the ferroelectric-electrode interface, and EDX demonstrated direct visual evidence for cation (Pb) diffusion along these defects. GPA analysis reveals significant inhomogeneous local strain associated with the planar faults. The STEM images, in combination with the spectroscopy results and the GPA results, posit that the Pb is incorporated into the LSMO perovskite matrix as Ruddlesden-Popper planar faults. These results are consistent with previous findings on misfit dislocations, where it was shown that the local strain fields associated with the dislocation core are high enough to produce cation diffusion into the core.
